We examined potential fertility, egg volume, and water, lipid, and fatty acid content through embryogenesis in a population of female U. rapax from Sebastian Inlet, Florida. Carapace width (CW) ranged from 10.80 to 20.09 mm (N ¼ 184), and each female carried 5000 to 30,000 eggs in the last stage of development. Female CW was found to be a good predictor of the number of eggs in the later stage of development (potential fertility ¼ 7.908 CW 2.7655 , R 2 ¼ 0.749). Egg volume increases (from 0.0079 to 0.0134 mm 3 ) was mildly correlated (r ¼ 0.79) with an increase in egg water content (from 60 to 69%). Egg lipid and fatty acid content decreased through embryogenesis, due to its importance as energy source. The most consumed fatty acids were the monounsaturated (97.81 lg . mg dw
INTRODUCTION
Fecundity is measured as the number of eggs produced per ovigerous female and is an important parameter when estimating the reproductive potential and future stock size of a given species or population (Mori et al., 1998; Hattori and Pinheiro, 2003) . The number of eggs produced increases with female size (available cephalothroracic space) and decreases with increasing average egg volume (Hines, 1982 (Hines, , 1986 . Intraspecifically, decapod initial egg size varies latitudinally and within geographically isolated populations (Wehrtmann and Kattner, 1998; Kyomo, 2000; Rosa et al., 2007) , between different reproductive seasons (Amsler and George, 1984; Pond et al., 1996; Calado et al., 2005) , and on a year-to-year basis in the same locality (Kattner et al., 1994) . In brachyurans, egg size is not generally correlated with adult size (Hines, 1986; Oh and Hartnoll, 1999) . Quantification of the egg production, from oögenesis to actual fecundity, is often used to assess the reproductive potential in brachyuran crabs (Hines, 1989) . However, brood loss during incubation is common among crustaceans and reduces reproductive potential (Oh and Hartnoll, 1999) . Egg loss can occur due to a variety of factors, such as parasites, mechanical stress, and increasing egg volume during incubation (Kuris, 1991; Oh and Hartnoll, 1999) . Therefore, although fecundity reflects life-time investment in reproduction, potential fertility (number of eggs that a female carries prior to hatching) provides a more accurate estimation of the real reproductive output and subsequent recruitment since it takes into account the brood loss that occurs during incubation (Mori et al., 1998; Morizur et al., 1981; Oh and Hartnoll, 1999) .
The egg plays a central role in the life history of marine invertebrates: the egg reserves must contain all nutrients required for maintenance and development of the embryo and must be utilized gradually in accordance with the needs of specific cells as imposed by the genetic program of the embryo (Sargent et al., 1989; Wehrtmann and Kattner, 1998; Rosa et al., 2007) . Although protein is the primary component of marine invertebrate eggs (Pond et al., 1996; Holland, 1978) , lipids play a central role in embryonic metabolism as they represent the most important energy source and account for at least 60% of the total energy expenditure of developing crustacean embryos (Herring, 1974; Holland, 1978; Amsler and George, 1984) . In addition to an energy source, lipids are also used as structural components of cell membranes (Rosa and Nunes, 2003) . The egg fatty acid content and dynamics provide information of animals' life history traits, feeding ecology and habitat (Rosa et al., 2007) .
The deposit-feeding ocypodid crabs of the genus Uca generally inhabit the intertidal zone of mud-sandy sediments in estuarine and sheltered areas of tropical and warmtemperate regions (Litulo, 2005) . The number of eggs produced by fiddler crabs is species-specific, varying widely in relation to latitudinal range, habitat structure, and food availability (Koga et al., 2000; Hemni, 2003) , but it can also vary between populations (Colpo and Negreiros-Fransozo, 2003; Castiglioni and Negreiros-Fransozo, 2005) . The mudflat fiddler crab, Uca rapax (Smith, 1870) , is closely associated with tidal creeks (particularly common near the mouths of creeks), mangrove habitats, and mosquito impoundments. The species occurs from Florida to Brazil, including throughout the Caribbean.
Previous studies on U. rapax have addressed behaviour, physiological, and reproductive aspects of populations from west Florida and Brazil (Salmon, 1971; Greenspan, 1980; McNamara and Moreira, 1983; Genomi, 1985 Genomi, and, 1991 Salmon and Kettler, 1987; Zanders and Rojas, 1996a, b, c; Castiglioni and Negreiros-Fransozo, 2004 , 2005 , 2006a . This study represents the first comprehensive examination of intrinsic factors operant during the reproduction and embryogenesis of U. rapax. The potential fertility and egg development (volume, water, lipid, and fatty acid content) though embryogenesis of a population from east coastal Florida were undertaken with the aim of increasing knowledge about the basic reproductive biology of this species.
MATERIALS AND METHODS

Sampling
Ovigerous females of U. rapax were collected at dusk (when they are more active and leave their hiding places, Williams, 1984) in Sebastian Inlet, Florida in September, 2006. The crabs were transported live to the lab and measured for carapace length (CL) and width (CW). The egg mass was removed and embryonic developmental stage of all broods were classified according to the following criteria: stage I -uniformly distributed yolk, absence of cleavage and eyes, no visible blastoderm; stage II -distinct blastoderm with half yolk, eyes visible; stage III -little or no yolk, fully developed larva ready to hatch with large eyes.
Since brachyuran egg size is generally not correlated with adult size (Hines, 1986) , three females for each developmental stage were randomly chosen to determine egg size. Thirty embryos were taken from each female and diameter (D) was measured (30 eggs/female of 3 females for each developmental stage, N ¼ 270) to the nearest 0.01 mm using a stereomicroscope (OlympusÒ, model SZ6045TR) with a calibrated eyepiece.
Egg Volume and Water Content
Egg volume was calculated using the formula V ¼ (p D 3 )/6 for spheroid embryos (Hines, 1982; García-Guerrero and Hendrickx, 2004) . Water content (% wet weight) was determined in triplicates for each developmental stage by measuring the difference between wet and dry weight of the eggs after freeze-drying. Egg volume and water content increase was calculated as the percent difference between developmental stages III and I.
Fatty Acids Analysis
To determine the fatty acid (FA) profile of eggs of U. rapax at each developmental stage, different egg batches (at the same developmental stage) were pooled. Freeze-dried samples (each embryo sample contained 0.98 6 0.40 g of eggs; three embryo samples per embryonic stage) were ground in a Potter homogenizer with chloroform-methanol-water (2:2:1.8) (Bligh and Dyer, 1959 ). An internal standard FA (C19:0) was added to the extracts. After saponification and esterification of the lipid extracts (Metcalfe and Schmitz, 1961) , the fatty acid methyl esters (FAME) were injected into a capillary column (30 m fused silica, 0.32 I.D.) installed in a Varian Star 3400CX gas-liquid chromatograph (GLC). Helium was used as a carrier gas at a flow rate of 1 mL/min; oven temperature was 1808C for 7 min, then increased to 2008C (with a temperature gradient of 48C/min) over a period of 71 min. Both the injector and the FID detector were set at 2508C. GLC data acquisition and handling were performed using a Varian integrator 4290 connected to the GLC. Peak quantification was carried out with a Star Chromatography workstation installed in an IBM PS/1. Peak identification was performed using well-characterised cod liver oil chromatograms as a reference.
Number of Eggs
The number of females collected carrying stage I eggs was insufficient to accurately estimate fecundity since ovigerous females of U. rapax (like other species of the genus Uca) remain in burrows throughout the incubation (Greenspan, 1980; Hemni, 1989 Hemni, , 2003 . Females carrying eggs of stage III were easily collected as they prepared to release larvae (at high tide to facilitate larval dispersal). Therefore, the number of eggs was only estimated for females carrying stage III eggs (potential fertility).
Brood masses from females of all sizes carrying stage III eggs were removed from the female pleopods with forceps and preserved immediately in buffered 4% formaldehyde diluted with seawater. Posteriorly, they were passed to 70% ethanol for examination. Bleach was used to separate the eggs which were then placed in a single layer between two transparent sheets and photographed using a digital camera (Nikon D50) equipped with a 50 mm 2.8 Sygma lens at a distance of 38.1 cm. Egg counting was performed in ImageJ software, which is able to count the egg particles on photos taken by a digital camera of each female brood with an error lower than 3%.
Data Analysis
Comparison of CW and CL between females was examined using linear regression to check for allometric growth; CW was used as independent variable. Slope of the regression is the allometric constant that expresses the relationship between two variables; a 95% confidence interval of the slope was calculated. A slope ' 1 indicates isometric growth; slope . 1 indicates positive allometric growth and, a slope , 1 indicates negative allometric growth (Hartnoll, 1982) .
One way ANOVA's were used to test if there were significant differences in egg volume, water content, lipid content, total FA content, and each FA content between eggs at different developmental stages. Posthoc Tukey's multiple comparisons tests were performed if significant differences were found. The correlation between egg size and water content and egg size and total FA content were tested using non-parametric Spearman correlation coefficients. A power/allometric model Y ¼ a X b (already used by Pinheiro and Terceiro, 2000; Mantelatto et al., 2002; Lee and Hsu, 2003; Okamori and Cobo, 2003) was fit to female CW and potential fertility (number of stage III eggs). All statistical analyses were performed on Statistica 7.0 using a significance level of 0.05.
RESULTS
Of the total of 184 ovigerous females collected, the smallest measured were 10.80 mm CW (7.37 mm CL) while the largest measured 20.09 mm CW (14.64 mm CL). CW and CL were strongly correlated (r ¼ 0.98, CL ¼ 0.5293 þ 0.6989 3 CW, R 2 ¼ 0.9646). All values in the 95% confidence interval for the CW vs. CL slope [0.68; 0.72] are lower than 1 (negative allometric growth).
Egg volume, water content, lipid, and percent FA content of each developmental stage, including ANOVA statistic of test (F) and p-values are listed on Table I . Water content and egg volume significantly increased during embryonic development (14.09% and P , 0.01, and 70.20% and P , 0.04 respectively). Lipid content significantly decreased through development (78.41%). Egg volume was significantly correlated with water content (N ¼ 9, r ¼ 0.79, t ¼ 3.19, P , 0.02). Fatty acid content decrease during embryogenesis was negatively correlated with egg volume (N ¼ 9, r ¼ À0.92, t ¼ À5.64, P , 0.01).
The number of eggs in stage III per ovigerous female (potential fertility) (Penha-Lopes et al., 2007) significantly increased with female CW (N ¼ 30, F ¼ 93.14, P , 0.01) (Fig. 1) .
The principal saturated fatty acids (SFA) comprising the eggs of U. rapax were palmitic (16:0) and stearic (18:0) acids. Other SFA detected were 14:0, 15:0, 17:0 and 20:0; FA 12:0, 13:0 and 22:0 were also detected, but in lower proportions. SFA suffered an overall decrease through embryogeneisis (P , 0.01, 73% were consumed); all SFA decreased significantly during embryogenesis, except 12:0 which remained stable (Table I) . Branched fatty acids (BFA) (Iso 15:0, Anteiso 15:0, Iso 16:0, Anteiso 16:0 and Iso 17:0) were detected in lower proportions, and suffered an overall consumption though embryogenesis (P , 0.01, 74.37%). The primary monounsaturated fatty acids (MUFA) were oleic (18:1n-9), palmitoleic (16:1n-7), vaccenic (18:1n-7) and 16:1n-5 acids. Other MUFA detected included 14:1n-5, 17:1n-8, 18:1n-5, 19:1n-8, 19:1n-10, 20:1n-9, 20:1n-7, 20:1n-5, 22:1n-11 and 22:1n-9 . MUFA were significantly consumed through embryogenesis (P , 0.01, 79.19%) ( Table I) ; all MUFA decreased significantly through embryonic development, except 14:1n-5, 22:1n-11 and 22:1n-9 that remained stable. The most abundant polyunsaturated fatty acid (PUFA) was linoleic (18:2n-6) acid, followed by eicosatetraenoic acid (20:4n-3), eicosapentaenoic (EPA, 20:5n-3) and linolenic (18:3n-3) acids. Other PUFA detected were 16:4n-3, 18:4n-3, 20:4n-6 (ARA, arachidonic acid), 20:3n-3, 21:5n-3, 22:4n-6, 22:5n-3 (DPA), and 22:6n-3 (DHA, docosahexaenoic acid) acids. PUFA were significantly consumed during embryonic development (P , 0.01, 66.47%), namely linoleic acid (18:2n-6) (84.24%), 18:3n-3, 20:3n-3 and 22:4n-6 while the other PUFA remained stable (Table I) .
DISCUSSION
The egg diameter found in this study (0.246-0.294 mm, N ¼ 270) was within the range typically found in marine and brackish water species (0.25-0.45 mm) (Anger, 1995) , and in other species of the genus Uca (Yamaguchi, 2001) . For most species within the genus Uca, the egg diameter is ca. 0.24 mm, e.g., 0.24-0.32 mm for Uca lactea (de Haan, 1835) (Yamaguchi, 2001) , but a few produce larger eggs, e.g., Uca subcylindrica (Stimpson, 1859) , Uca burgesi Holthuis 1967 and Uca tetragonon (Herbst, 1782-1804) (Gibbs, 1974; Rabalais and Cameron, 1983; Koga et al., 2000) . Egg volume increased 70.2% during development, which was within the range (50-150%) commonly reported for brachyurans (Wear, 1974; Petersen and Anger, 1997; Oh and Hartnoll, 1999; Hemni, 2003) . Greater increase in egg volume occurred in the earlier rather than later embryonic development, which is of the trend for other brachyuran species (De Vries and Forward, 1991) . Egg volume increase during embryogenesis was strongly correlated with egg water content increase (14.09%) and suggests egg size increase during development was mainly due to water uptake by the embryo and/or retention of metabolic water resulting from respiration (Pandian, 1970; Amsler and George, 1984; Petersen and Anger, 1997) . According to de Vries and Forward (1991) , osmotic changes in the eggs can be an important component to hatching. While the percent water content of decapod eggs generally increases more than 50% during egg development, lipid content decreases (Petersen and Anger, 1997) as this is the major fuel for embryonic development (Clarke et al., 1990) . The egg lipid content of Uca rapax decreased significantly (78.4%) through embryogenesis, confirming that lipids constitute an important energy source for embryonic development and are also used as structural components of the cell membranes that are being formed as they growth (Rosa and Nunes, 2003) . According to Hines (1989) , there is a geographic variation in size at maturity and growth rate in brachyuran crabs populations. Comparisons between populations may constitute an important strategy to verify differences among them, as well as to understand the environmental and biological constraints that are shaping them (Colpo and Negreiros-Fransozo, 2003; Castiglioni and NegreirosFransozo, 2005) . The CW of ovigerous females of U. rapax from Sebastian Inlet, N ¼ 184) was among the range found by Castiglioni and FransozoNegreiros (2006a, b) in Brazilian populations (at Itamambuca CW ranged from 9.2 to 25.5 mm, and at Ubatumirim CW ranged from 8.4 to 22.5 mm). The current population displayed negative allometric growth as has been described for the Brazilian populations (Catiglioni and FransozoNegreiros, 2004) .
The female CW of the species of Uca is a good predictor of the number of eggs a female may produce; larger females produce significantly more eggs than smaller individuals. Uca vocator (Herbst, 1782-1804) (16-20 mm CW) produces 10,000-30,000 eggs (Colpo and Negreiros-Fransozo, 2003) ; Uca inversa (Hoffman, 1874) (10.5-20 .1 mm CW) produces 900-10,000 eggs (Litulo, 2005) ; U. rapax (10.8-20.09 mm CW) produces 5000-30,000 eggs (present study) and the CW explains ca. 75% of the variance in number of eggs produced. Nevertheless, due to allometric constraints (limitations on space availability for yolk accumulation in the body cavity), the number of eggs is determined not only by female body size, but also by average egg volume (Hines, 1982) . This is reflected by a negative correlation between egg volume and number of eggs produced (Herring, 1974; Hines, 1982; Hines, 1986) . For instance, Uca minax (Le Conte, 1855) (average CW 20.3 mm) produces a considerably higher number of eggs (10,000-300,000) (Gray, 1942) than U. rapax (5000-30,000), but their egg diameter is much smaller (0.09-0.27mm) (Gray, 1942) versus 0.246-0.294 mm.
FA content in eggs of U. rapax decreased during development, which suggests that the embryos are metabolising FA to obtain energy for their development (Wehrtmann and Kattner, 1998) .
FA profiles of decapod crustacean eggs also reflect adult feeding ecology and habitat (Rosa et al., 2007) . PUFA and highly unsaturated fatty acids (HUFA) from the (n-3) series, particularly DHA (22:6n-3) and EPA (20:5n-3), have been identified as essential nutrients for marine animals (Narciso and Morais, 2001) and are trophic markers of primary producers (Dalsgaard et al., 2003) . The medium EPA/DHA ratio (1.09-2.67) indicates this species can be placed in a medium trophic level as DHA is highly conserved throughout the food chain. 18:1n-9 is the major FA in marine animals and a general marker for carnivory (Auel et Scott et al., 2002; Dalsgaard et al., 2003) . The medium-low 18:1n-7/18:1n-9 ratio and medium percentage of 18:1n-9 (17-18%) found in eggs of U. rapax indicates this species might consume some small invertebrates. The high percentage of C 18 and C 20 PUFA (19-23%, markers of primary producers), such as linoleic (18:2n-6), linolenic (18:3n-3) acids and eicosapentaenoic acid (EPA, 20:5n-3), suggests that U. rapax consumes mangrove leaves or algae, which is common in omnivorous animals inhabiting intertidal habitats. Odd-numbered FA (particularly 15:0 and 17:0) are known to be largely biosynthesized by marine heterothrophic bacteria, which are particularly abundant in sediments (Volkman et al., 1998) . The high proportion of odd-numbered FA (3-3.5%) in eggs of U. rapax reveals the existence of detritivore/scavenger behaviour, which is in accordance to the feeding behaviour described for species of Uca (Williams, 1984) .
CONCLUSION
Females presented negative allometric growth and carapace width was found to be a good predictor of the number of eggs in the later stage of development. Larger females produce more eggs and egg volume increases through embryogenesis, which is strongly correlated with water content increase. Lipid and fatty acid content of the eggs decrease through development, suggesting they are a major energy source during embryogenesis. The most consumed FA are the MUFA (97.81 lg . mg dw À1 ), followed by the SFA (64.34 lg . mg dw À1 ) and PUFA (38.69 lg . mg dw À1 ). Fatty acids 16:0, 18:2n-6, 16:1n-7, and 18:2n-6 are preferentially consumed (39.91, 38.45, 29.4 and 23.93 lg . mg dw À1 , respectively), while essential polyunsaturated fatty acids, particularly docosahaexaenoic acid (22:6n-3) and eicosapentaenoic acid (20:5n-3) (Anger, 1998; Narciso and Morais, 2001 ) are conserved. Embryo conservation of ARA (derivative of the precursor of the n-6 series of essential FA -linoleic acid, 18:2n-6) and DHA (formed from the precursor of the n-3 series, linolenic acid, 18:3n-3) depends, in part, on the intake of the appropriate precursors in the diet (Rosa et al., 2007) .
Based on the FA composition of the eggs of U. rapax we suggest that the adults occupy a medium level in the trophic chain and are omnivorous, essentially scavengers and detritivores, consuming macroalgae and small invertebrates.
